Introduction
CCR2 is a member of the CC-chemokine family of receptors that is primarily known for its ability to bind CCL2, leading to chemotaxis of leukocytes [1, 2] . CCR2 is also known to be a receptor for additional chemokines, including CCL7, CCL8, CCL13, and CCL16 (reviewed in ref. [3] ). CCR2 is expressed on the surface of leukocytes from multiple lineages, including monocytes, macrophages, lymphocytes, and granulocytes, and its expression is tightly regulated, differing from 1 cell type to another [4] . Leukocytes from mice with a gene-targeted CCR2 deficiency show no differences in rolling velocity but do have reduced adhesion to the endothelium and decreased extravasation into inflamed tissues in response to CCL2 [5] . Furthermore, CCR2
2/2 mice have a severe reduction in the number of circulating Ly6C
hi inflammatory monocytes as a result of impaired egress from the bone marrow [6] . The loss of circulating inflammatory monocytes in CCR2 2/2 mice decreases macrophage accumulation at sites of acute inflammation, such as thioglycollateinduced peritonitis [7, 8] . Given the potent role of CCR2 in monocyte chemotaxis, CCR2 2/2 mice have been used previously to study the role of macrophages in chronic inflammatory diseases, such as atherosclerosis and obesity [6, 9] .
It is established that obesity leads to immune system-driven chronic inflammation that promotes insulin resistance and type 2 diabetes in rodents and humans (reviewed in ref. [10] ). This inflammation is characterized by an influx of inflammatory immune cells into metabolic tissues, such as AT [11, 12] . The role of CCR2 in leukocyte accumulation during chronic inflammation, such as obesity, is not yet clear. Based on the near absence of circulating Ly6C hi monocytes in CCR2 2/2 mice [6] , it was anticipated that AT macrophage accumulation would be severely blunted. However, we [8] and others [9] have shown that AT macrophage accumulation in obese CCR2 2/2 mice is only mildly decreased, and this reduction is only apparent after long periods of HFD feeding. No effects of CCR2 deficiency on macrophage accumulation have been reported at earlier periods of HFD feeding when initiation of macrophage recruitment occurs. Moreover, tissues of CCR2 2/2 mice display diminished type 1 [7] and increased type 2 immune responses [13] . Increased expression of IL-4 and "M2" macrophage markers arginase (Arg1) and Ym1 (Chil3) characterizes the enhanced type 2 response [8, 13] . Additionally, we found previously that hematopoietic CCR2 deficiency leads to aberrant accumulation of a unique myeloid cell population in AT of obese mice [8] . In the current report, we identify these cells as eosinophils and further characterize their contribution to AT inflammation in the lean and obese state.
Eosinophils were only recently discovered in AT and have already been found to play an important function in sustaining alternative activation of AT macrophages [14] [15] [16] . AT eosinophils were shown to decrease in obesity, concomitant with M1-like polarization of the AT macrophages. Additionally, mice with systemically elevated eosinophils were protected against developing obesity-related insulin resistance, whereas mice with eosinophil deficiency were more prone to developing insulin resistance [14] . Accumulation of AT eosinophils is mediated by IL-5, secreted predominantly by resident ILC2 cells [15] . The studies summarized above demonstrate that eosinophils can protect against metabolic defects associated with obesity-induced inflammation.
In the current report, we show that CCR2 deficiency leads to an increased eosinophil number in AT, with no differences in bone marrow, blood, or spleen. An increased AT eosinophil number positively correlated with AT Il5 expression, suggesting that local eosinophil recruitment, proliferation, and/or decreased apoptosis may account for the increased numbers in CCR2 2/2 mice. Similar to previous reports [14] , increased AT eosinophils occurred concomitantly with M2-like macrophage activation and increased AT expression of type 2 cytokines Il4, Il5, and Il13. The tissue localization of macrophages in AT is known to be an indicator of their function, with cells located in CLSs showing greater inflammatory potential [17] . While eosinophils are confined to interstitial spaces in AT of obese WT mice, we found that eosinophils localize to CLSs and interstitial spaces in AT of obese CCR2 2/2 mice. To our knowledge, this is the first report associating CCR2 deficiency with increases in AT eosinophils, implicating that this receptor plays an important role in eosinophil migration to-or cell turnover in-AT. Furthermore, we found that CCR2 2/2 bone marrow cultures differentiate in vitro with higher expression of genes critical to the eosinophil lineage compared with WT bone marrow. This study provides a unique setting in which local AT eosinophil accumulation can be studied and contrasted to that of systemically elevated eosinophils observed in the IL-5 transgenic mouse model [14] . In addition, this mouse model provides a platform for identifying novel mechanisms of AT eosinophil and type 2 immunity regulation by CCR2.
MATERIALS AND METHODS

Animals
Male WT and CCR2 2/2 mice on a C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and maintained in the VUMC Animal Facility. At 8 weeks of age, mice were fed a chow diet or HFD with 60% kcal from fat (Research Diets, New Brunswick, NJ, USA) ad libitum for 6-8 weeks and had free access to water. Given the primary goal of inducing dietary obesity, we used a diet with a high-caloric composition derived from fat (60% from total kcal); however, other micronutrients were not matched between diets. All animal procedures were carried out with prior approval from VUMC's Institutional Animal Care and Usage Committee.
Tissue collection and SVF separation
Mice were euthanized by isofluorane overdose, followed by cervical dislocation. Perfusions were performed via the left ventricle with ;10 ml PBS (Life Technologies, Grand Island, NY, USA). Tissues were collected, weighed, and snap frozen in liquid nitrogen. When appropriate, the SVF of AT was separated from the adipocytes. SVF preparations and flow cytometry were performed as described [18] . In brief, separation involved mincing AT in 0.5% BSA (SigmaAldrich, St. Louis, MO, USA) in PBS, digesting in a 2 mg/ml collagenase II solution (Sigma-Aldrich) for 25 min at 37°C with agitation, filtering cells through a 100 mm filter, centrifuging for 10 min at 1000 relative centrifugal field at 8°C to separate floating adipocytes, and removing RBCs by incubating in ACK lysis buffer (K·D Medical, Columbia, MD, USA) for 2 min on ice. Blood was collected via the retroorbital venous plexus by use of heparinized collection tubes.
Peritoneal immune cell collection
Peritoneal immune cells were collected by flushing the peritoneal cavity with 10 ml DMEM. Cells were washed 23 and then used for flow cytometry as described below.
Flow cytometry and FACS
Cells of the isolated SVF, peritoneal cavity, blood, spleen, liver, or bone marrowderived eosinophils were incubated in Fc Block (BD Biosciences, San Diego, CA, USA) for 5 min on ice. Cells were subsequently stained for 30 min at 4°C with fluorophore-conjugated antibodies: F4/80-APC (eBioscience, San Diego, CA, USA), CD11b-FITC/APC-Cy7 (eBioscience), and SiglecF-PE (BD Biosciences). Immediately before flow cytometric analysis, samples were incubated with 1 mg/ml DAPI as a viability dye. Cells were analyzed on a 5-laser LSRII flow cytometer (BD Biosciences) or FACSAria III cell sorter (BD Biosciences) and data analyzed by use of FlowJo software. For flow cytometry and FACS, cells were first gated on all DAPI-negative live cells and then gated for specific lineage markers [18] . The lineage-specific gating was performed as follows: macrophages (F4/80 RNA isolation, cDNA synthesis, and real-time RT-PCR RNA was isolated by the guanidine isothiocyanate-phenol-chloroform method by use of TRIzol (BD Biosciences), according to the manufacturer's protocol. Potentially contaminating DNA was digested by use of DNase1 (Life Technologies). RNA was reverse transcribed into cDNA by use of iScript RT (Bio-Rad Laboratories, Hercules, CA, USA). Relative gene expression between samples was assessed by use of the carboxyfluorescein-conjugated TaqMan Gene Expression Assay (Life Technologies), normalized to GAPDH, and statistically analyzed by the Pfaffl method [19] . Fast Green/Neutral Red stain. FACS cells were cytospun for 5 minutes at 600 rpm. Slides were fixed for 10 minutes in ice-cold 100% methanol for 10 minutes, immersed in Fast Green FCF (Sigma-Aldrich) for 24 hours at room temperature, and immersed in Neutral Red (Sigma-Aldrich) for 48-72 hours at room temperature.
Major basic protein detection by HRP. FACS cells were cytospun for 5 minutes at 600 rpm. Slides were fixed for 10 minutes in ice-cold 100% methanol and incubated in 3% H 2 O 2 for 15 minutes at room temperature to remove endogenous peroxidase activity; nonspecific binding was blocked with 5% normal goat serum for 1 hour at room temperature, incubated with primary rat anti-mouse MBP antibody (kindly provided by the laboratories of Drs. Nancy and Jamie Lee, Mayo Clinic, Scottsdale, AZ, USA) overnight at 4°C, and incubated in secondary HRP goat anti-rat antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 hour at room temperature; and 3,39-diaminobenzidine reaction was carried out according to the manufacturer's instructions (Life Technologies) and counterstained with Hemacolor Nuclear Stain #3 (LABSCO). All slides for imaging were allowed to dry briefly, mounted with permount, and examined on an Axiophot widefield light microscope (Zeiss, Thornwood, NY, USA). The only modification to images was removal of background discoloration, neutralizing to a white background for even comparison.
Bone marrow-derived eosinophil differentiation
Bone marrow was extracted from femurs and tibias of lean WT and CCR2 2/2 mice and was differentiated as adapted from Dyer et al. [20] . In brief, RBCs were removed by suspension in ACK lysing buffer. Remaining cells were cultured for 4 days at 37°C at 1 3 10 6 cells/ml in RPMI, supplemented with 20% FBS, 100 IU/ml penicillin, 10 mg/ml streptomycin, 2 mM glutamine, 25 mM HEPES, 13 nonessential amino acids, 1 mM sodium pyruvate, and 50 mM 2-ME. During days 0-4, 100 ng/ml SCF and 100 ng/ml FLT3 ligand (PeproTech, Rocky Hill, NJ, USA) were added. 
Statistics
GraphPad Prism 5.0 software was used for all statistical analyses. Data were analyzed by use of a Student's t-test or a 1-way ANOVA, followed by a post hoc Student's t-test if the ANOVA was significant. A 2-way ANOVA was used to compare measurements with 2 different variables. Outliers were excluded from the data for each individual parameter if outside the range of the mean 6 2 SD. P # 0.05 was considered significant.
RESULTS
CCR2 deficiency leads to an increased percent and total number of eosinophils in AT
To determine the role of CCR2 signaling on AT immune cell composition, WT and CCR2 2/2 mice were placed on a chow diet or HFD for 6-8 weeks to induce obesity. At the start of the study, there were no differences between the genotypes in body weight (data not shown). All mice fed a HFD became obese, but there were no genotype effects on body weight or metabolic phenotype, as we have reported previously [8] . To elaborate, we previously found no difference in glucose tolerance between WT and CCR2 2/2 mice at 6 and 12 weeks of HFD, yet there was a modest improvement in these parameters in CCR2 2/2 mice after an extended 20 weeks of HFD feeding [8] . There were no differences in insulin tolerance, weight gain, percent adiposity, or eAT weight between genotypes at 6, 12, or 20 weeks on HFD.
Immune cells in eAT from WT ( Fig. 1A and B) and CCR2 1E , G, and K) or doughnut-shaped nuclei (Fig. 1I) , characteristic of eosinophils. This is in striking contrast to sorted macrophages that exhibited round nuclei with higher cytoplasmic volume (Fig. 1F , H, J, and L).
With the validated gating strategy described above, we next evaluated the relative difference in percent AT eosinophils from WT and CCR2 2/2 mice when in the lean versus obese state. Replicating published data [14] , the percent eosinophils of live stromal vascular cells decreased in eAT from WT mice with obesity ( Fig. 2A) . In contrast, we show that eAT eosinophil percentages were 3.72-fold higher in obese CCR2 2/2 mice compared with obese WT mice ( Fig. 2A ; P , 0.0001). A similar increase in eosinophils of obese CCR2 2/2 compared with WT mice was observed in other AT depots analyzed: pAT ( Fig. 2B ; P , 0.005), mesenteric ( Fig. 2C ; P , 0.05), and subcutaneous ( Fig. 2D ; P , 0.005). Although the percentage of eosinophils in other fat pads was lower than eAT, the fold change between genotypes was 2-to 4-fold higher in all white fat pads of obese CCR2 2/2 mice examined. Although the following results detail AT macrophage and eosinophil composition, the results should be interpreted with the understanding that AT is composed of a variety of other cell types, including but not limited to the adipocytes themselves, preadipocytes, mesenchymal stem cells, endothelial progenitor cells, T cells, and B cells, as well as the vascular and neuronal network. Furthermore, AT is often discussed in terms of interstitially spaced regions and CLSs, as a result of the inflammatory variation of immune cells in such regions. It has been established that macrophages in CLSs possess a proinflammatory phenotype [17] ; however, the localization of eosinophils to CLSs has not been reported. To examine AT macrophage and eosinophil localization in obese CCR2 2/2 mice and obese WT mice, we used confocal immunofluorescence microscopy to construct a 3D rendering of images spanning ;50 mm. The 3D constructs allowed us to distinguish macrophages by F4/80 staining and eosinophils by SiglecF staining and by visualization of the multilobular and doughnut-shaped nuclei, which are not discernible in a traditional Z-stack analysis. In lean mice of both genotypes, eAT macrophages and eosinophils localized interstitially, although CCR2 2/2 mice had a significantly higher percentage of interstitial eosinophils than WT (Figs. 3A and D and 4A and C). During obesity, a surge of macrophages accumulated in eAT of WT mice and macrophages was .2.5-fold more likely to localize to CLSs than interstitial spaces (Figs. 3B and C and 4B) as has been reported by numerous groups [11, 12, 17, 21] . This surge of CLS-macrophage accumulation during obesity was blunted in eAT of CCR2 2/2 mice (Figs. 3F and 4B). CLSs were frequently found in both obese genotypes. However, in contrast to obese WT mice, in which eosinophils were confined to interstitial spaces (Figs. 3B and C and 4D), eosinophils in obese CCR2 2/2 mice were often found in CLSs (Figs. 3E and F and 4D). This is the first time eosinophils have been shown to localize to CLS in any mouse model. It is interesting to observe that these relatively subtle fluxes in eosinophil number correlate with more drastic alterations in macrophage content (see scale bars of Fig. 4B and  D ). An example of an F4/80 + macrophage and SiglecF + eosinophil in close proximity in eAT is shown in Fig. 3G . Magnified images of eAT eosinophils with the typical multilobular and doughnut-shaped nuclei are shown in Fig. 3H and I. As the total eosinophil percentage was also relatively high in pAT (Fig. 2B) , we performed confocal immunofluorescence to determine the localization of eosinophils in this fat pad (Supplemental Figs. 1 and 2 ). Macrophages were selectively found in interstitial spaces of pAT from lean WT mice but were equally distributed between interstitial spaces and CLSs within pAT of lean CCR2 2/2 mice. Similar to eAT, eosinophils were detected more frequently in pAT of CCR2 2/2 mice compared with WT. Likewise, pAT eosinophils of CCR2 2/2 mice localized to interstitial spaces and CLSs in a similar pattern to eAT eosinophils in lean and obese mice.
In addition to AT, eosinophils accumulate in the peritoneal cavity of CCR2 2/2 mice
The number of eosinophils in bone marrow, blood, spleen, and liver was quantified. Whereas eosinophils in livers of lean WT mice were higher than all other groups, no differences in other tissues were detected (Supplemental Fig. 3A-D) . In contrast, quantification of nonelicited peritoneal cavity cells revealed a .5-fold increase in peritoneal eosinophils in CCR2 2/2 mice compared with WT mice (Supplemental Fig. 3E ; P , 0.05).
Bone marrow-derived CCR2
2/2 eosinophils display increased expression of key eosinophil genes during differentiation in vitro but present the same numerical yield as WT To determine a potential mechanism for AT eosinophil accumulation in CCR2
2/2 mice, we tested whether bone marrow cells from CCR2 2/2 mice have an altered potential to differentiate into eosinophils. Bone marrow cells were isolated from the femurs and tibias of lean WT and CCR2 2/2 mice and differentiated into eosinophils, as described previously [20] and detailed in Materials and Methods. Upon differentiation with IL-5 over a time course of 0, 4, 8, 10, and 12 days, we observed an increase (up to 300-fold) in many eosinophil-associated genes. These included: 1) eosinophil granule proteins: EPO and MBP; 2) eosinophil receptors: IL-5Ra and chemokine C-C motif receptor 3; 3) eosinophil transcription factor: GATA1; and 4) eosinophil cytokines: IL-4 and IL-6 (gene names: Epx, Prg2, Il5ra, Ccr3, Gata1, Il4, and Il6, respectively). These data indicate that the bone marrow cells had differentiated into eosinophils in both genotypes (Fig. 5A-G) . Interestingly, Epx, Prg2, and IL5ra were significantly elevated in CCR2 2/2 bone marrow-derived eosinophils when compared with WT eosinophils; however, other eosinophil-associated genes, i.e., Ccr3, Gata1, Il4, and Il6 were not differentially expressed between genotypes. Mpo, a neutrophil-specific marker, was reduced in both genotypes, confirming the purity and specificity of the differentiation process (Fig. 5H) . To confirm further the purity of eosinophil cultures, cells were cytospun after 10 days of differentiation and analyzed by Hemacolor staining. Figure 5I and K show the characteristic multilobular nuclei and granularity of differentiated eosinophils in WT and CCR2 2/2 cultures. At day 10 of differentiation, ;84% of cells were eosinophils in WT and CCR2 2/2 cultures (Fig. 5J and L) . Likewise, the growth curves of WT and CCR2
2/2
cultures were statistically indistinguishable from each other (Fig.  5M) . These data show that although CCR2 deficiency alters expression of some genes in bone marrow-derived eosinophils, it does not alter the numerical yield. Thus, eosinophil differentiation is unlikely to account directly for the observed increase in eosinophil number in AT of CCR2 2/2 mice.
Increased eosinophils in AT correlate with increased expression of local Il5
We next looked for AT-specific mechanisms to explain the local increase in eosinophil number, namely, the expression of the eosinophil growth factor, IL-5, as well as eosinophil chemokines CCL11, CCL24, CCL3, and CCL5. IL-5 is strongly linked with eosinophil function, as it regulates cellular differentiation, proliferation/apoptosis, activation, and accumulation [22, 23] and was recently shown to contribute to eosinophil accumulation in AT [15] . We found that eAT of obese CCR2 2/2 mice had significantly higher Il5 expression than that of WT counterparts (Fig. 6A) , strongly correlating with the high number of eosinophils in CCR2 2/2 eAT (Fig. 2) . Tissue expression of the chemokine receptor CCR3 is associated with eosinophil recruitment [24] . Ccr3 expression trended toward an increase in eAT of CCR2 2/2 mice during obesity, positively correlating with increased eosinophils in the tissue ( Fig. 6B ; P = 0.06). A subset of chemokines, known as eotaxins, binds CCR3 to promote eosinophil chemotaxis. There are 2 known eotaxins in mice: eotaxin 1 (CCL11) and eotaxin 2 (CCL24), both of which have been shown to be important in eosinophil chemotaxis under different inflammatory conditions (reviewed in refs. [24, 25] ). Expression of Ccl11 was up-regulated in obese CCR2 2/2 mice compared with obese WT mice ( Fig. 6C ; P , 0.05), as well as compared with their own lean controls (P , 0.05). The expression of Ccl24 was decreased in obese CCR2 2/2 mice (P , 0.05) compared with their respective lean controls but was not different between genotypes (Fig. 6D) . The chemokines CCL3 and CCL5 also promote eosinophil chemotaxis via binding to CCR1 [24] . Obesity significantly increased the expression of Ccl3 (Fig. 6E ) in both genotypes compared with lean controls, but there was no difference between genotypes. Expression of Ccl5 was increased modestly by obesity in both genotypes (Fig. 6F) .
We analyzed all chemokine data with respect to eosinophil number and found that expression of Il5 in eAT had a strong positive correlation (r 2 = 0.9210, P , 0.05) to the mean number of eAT eosinophils in the 4 groups of mice. This is in contrast to the absence of correlation of Ccl11 (r 2 = 0.4582, P = 0.32), Ccl24 (r 2 = 0.1432, P = 0.62), Ccl3 (r 2 = 0.2899, P = 0.46), and Ccl5 (r 2 = 0.2573, P = 0.49) expression with eAT eosinophil number. These data implicate IL-5 as the putative local modulator of AT-specific eosinophil cell turnover (i.e., recruitment, proliferation, apoptosis).
CCR2
2/2 mice manifest increased M2-like macrophages and type 2 cytokine expression in eAT
To investigate the inflammatory state of immune cells in AT, expression of M2 macrophage-polarizing cytokines, Il4 and Il13, was first assessed in RNA isolated from whole eAT. Expression of eAT Il4 was increased significantly in lean (P , 0.05) and obese (P , 0.05) CCR2
2/2 mice compared with their WT counterparts (Fig. 7A) . Likewise, although eAT Il13 expression was increased in both genotypes during obesity (P , 0.01), CCR2 2/2 eAT had significantly higher Il13 mRNA levels (P , 0.05; Fig. 7B ). We determined that eAT Il4 was expressed mainly in the SVF fraction of obese WT mice (data not shown), indicating that adipocytes were not the source of IL-4. Interestingly, eAT Il13 expression 
HFD-induced obesity in CCR2
2/2 mice leads to increased eosinophils in white AT. White AT from lean and obese WT and CCR2 2/2 mice was collected, the SVF isolated, and the percentage of eosinophils quantified by flow cytometry. (A) eAT, (B) pAT, (C) mesenteric AT, and (D) subcutaneous AT. Data are presented as means 6 SEM representing the difference in percent eosinophils between lean and obese for each genotype; n = 5-10 mice/group. *P , 0.05, difference between genotypes of mice on the same diet; **P , 0.005, difference between genotypes of mice on the same diet; ****P , 0.0001, difference between genotypes of mice on the same diet. was higher in adipocytes compared with the SVF of obese WT mice (data not shown). In addition to eosinophils, T regs have been found to play an important role in sustaining an antiinflammatory environment in AT [26] . Foxp3 is a transcription factor critical for the differentiation and function of T regs , and it is exclusively expressed by these cells [27, 28] . Expression of Foxp3 in eAT was significantly higher in lean (P , 0.01) and obese (P , 0.05) CCR2
2/2 mice compared with respective WT controls (Fig. 7C) .
We showed previously an increase in Arg1 expression in AT of CCR2 2/2 mice [8] . In the current study, we were able to recapitulate increased Arg1 expression in total eAT (Fig. 7D) , indicating a predominant M2-like macrophage polarization in the CCR2 2/2 mice. To determine macrophage polarization specifically, eAT macrophages from WT and CCR2 2/2 mice were isolated by FACS, and expression of various M1 and M2 markers was assessed. The gene for CD11c (Itgax), the classical M1-like protein identified in AT [17] , was increased in eAT macrophages from obese WT mice as expected. However, Itgax was maintained at lower levels in macrophages from eAT of obese CCR2 2/2 mice (Fig. 8A) . With regards to M2 markers, the gene for Fizz1 protein, Retnla, was reduced in eAT macrophages from obese WT mice, but levels of this M2 marker were preserved in eAT macrophages from obese CCR2 2/2 mice (Fig. 8B) . Furthermore, whereas M2 genes for arginase and Ym1, (Arg1 and Chil3, respectively) were unchanged in eAT macrophages during obesity in WT mice, they were up-regulated in eAT macrophages of CCR2 2/2 mice ( Fig. 8C and D) , albeit with the caveat that Chil3 started at a lower value in CCR2 2/2 eAT macrophages compared with WT. In line with the field's understanding that in vivo macrophages are rarely, entirely polarized to 2/2 at 10 days of differentiation. (M) Total cell growth rate throughout differentiation expressed as change in cell number over time. Data are normalized to day 0 for each genotype and are presented as means 6 SEM, with n = 2 for day 0, and n = 4 for days 4-12. *P , 0.05, difference between genotypes; **P , 0.01, difference between genotypes; ***P , 0.0005, difference between genotypes; ****P , 0.0001, difference between genotypes.
M1 or M2, we found that some genes were not changed by obesity in either genotype (Clec10a, Nos2, and Tnfa; data not shown). Nevertheless, these changes demonstrated a general pattern of alternative activation of macrophages in eAT of CCR2 2/2 mice.
DISCUSSION
In addition to defense against foreign pathogens, immune cells are involved in the normal physiology of metabolic organs and in the pathogenesis of metabolic disorders. In AT, several cells have been identified as promoters of insulin resistance, among them "M1"-polarized macrophages [11] , B cells [12] , CD4 + T H 1 cells, and CD8 + T cells [11, 29] , whereas other immune cells have been identified as insulin sensitizers, as is the case for M2-polarized macrophages [17] , CD4 + T H 2 cells, T regs [26] , and eosinophils [14] [15] [16] . Recent studies by Wu et al. [14] demonstrated that eosinophils sustain alternative activation of AT macrophages and contribute to improved glucose tolerance and insulin sensitivity in mice. These findings demonstrated that the inflammatory, insulinresistant AT in obese mice has a reduction in eosinophils, suggesting that eosinophils help maintain AT homeostasis. Additionally, IL-5 transgenic mice, with global elevations in eosinophils, are protected from HFD-induced obesity and insulin resistance. In subsequent work, Molofsky et al. [15] demonstrated that ILC2 cells are responsible for producing IL-5, which recruits and sustains eosinophils in AT. Such findings encouraged further study by Hams et al. [16] , who showed that ILC2 and NKT cells influence glucose homeostasis and body weight in HFD-fed mice by inducing and maintaining eosinophils and M2-like macrophages in visceral AT. Furthermore, AT eosinophils produce IL-4, and ILC2 cells produce IL-13 [14, 15] . Thus, in AT, eosinophils and ILC2 cells are thought to coordinate a homeostatic type 2 immune environment that maintains an insulin-sensitive state.
There is a short list of published work addressing the role of eosinophils in AT inflammation thus far; however, it is interesting to consider and compare the metabolic phenotypes seen in their models (metabolic improvements [14] ) with that of our previous report (no metabolic improvements [8] ). There are 2 primary differences between the studies: the systemic tissue distribution of eosinophils and localization of eosinophils to specific regions within AT. First, the studies by Wu et al. [14] used IL-5-overexpressing mice, which have systemic elevations in eosinophils [15] . Whereas one of the major metabolic phenotypes seen in their model was in the AT and attributed to AT eosinophils, a role for eosinophils in other tissues cannot be ruled out. It is also important to note that the IL-5 transgenic mice had reduced body weight compared with controls, which could account for the improved insulin sensitivity. In the current study, we demonstrate that the CCR2 2/2 mouse is Figure 6 . Eosinophil-chemoattractant expression in AT. Total RNA was isolated from eAT of lean and obese WT and CCR2 2/2 mice and used for realtime RT-PCR analyses. Relative expression of (A) Il5, (B) Ccr3, (C) Ccl11, (D) Ccl24, (E) Ccl3, and (F) Ccl5. Data are normalized to lean WT control and presented as means 6 SEM, with n = 5-7 mice/ group. *P , 0.05, difference between genotypes of mice on the same diet;^P , 0.05, difference between diets in mice of the same genotype. Figure 7 . AT eosinophil accumulation is associated with type 2 cytokine expression. Total RNA was isolated from eAT of lean and obese WT and CCR2 2/2 mice and used for real-time RT-PCR analysis. Relative expression of (A) Il4, (B) Il13, (C) Foxp3, and (D) Arg1. Data are presented as means 6 SEM, with n = 5-7 mice/group. *P , 0.05, difference between genotypes of mice on the same diet; **P , 0.01, difference between genotypes of mice on the same diet;^^P , 0.01, difference between diets in mice of the same genotype;^^^P , 0.001, difference between diets in mice of the same genotype. a model of peritoneal and AT-specific eosinophil accumulation, as increased eosinophils were not detected in the bone marrow, blood, or other tissues examined. Of note, not all known sites of eosinophil accumulation were assessed, including the GI tract, lung, and thymus. Therefore, systemic versus AT-specific eosinophil accumulation may be a cause of the different metabolic phenotypes in the 2 studies.
Second, differential localization of eosinophils within the AT could be an important indication of their function. Our data showed that while in WT mice, eosinophils were only seen in interstitial spaces, in CCR2 2/2 mice, eosinophils localized interstitially and to CLSs. In fact, in obese CCR2 2/2 mice, ;13% of the CLS cell milieu were eosinophils. It is established that AT macrophages in CLSs are M1 like, proinflammatory, and induce insulin resistance [17, 30] , whereas AT macrophages in interstitial spaces are M2 like, anti-inflammatory, and protect from insulin resistance [17, 30] . It would be intriguing for future studies to determine whether AT eosinophil function also varies depending on localization within the tissue. It is important to note that the novel and surprising finding of eosinophils in CLSs of CCR2 2/2 mice correlated with a reduction in the absolute number and percent of macrophages in CLS. This reduction in CLS macrophages could be a result of the absence of CCL2-mediated recruitment in CCR2 2/2 mice. An alternative explanation would be that CLS eosinophils reduce accumulation of macrophages. Also unknown is whether interstitially spaced eosinophils produce basal levels of mediators beneficial to AT homeostasis, whereas CLS eosinophils may release some of their more potent inflammatory agents, i.e., MBP, EPO, TNF-a, and others. Findings from our current study, integrated with recently published work, now suggest that AT eosinophil number alone is not sufficient to determine the effect on insulin resistance. Context-dependent eosinophil function will need to be examined more critically in future studies, in acknowledgment of the newly forming dogma that eosinophils are multifunctional cells that can impart destructive or restorative effects [31] [32] [33] . In addition, this comparison elicits further investigation to separate a potential therapeutic effect of increased levels of IL-5 and/or eosinophils outside of the AT on metabolism and glucose tolerance.
Our data point to at least 2 mechanisms for altered eosinophil content in AT of CCR2 2/2 mice. First, we demonstrate that genes, such as Epx, Prg2, and Il5ra, were increased during the differentiation process in bone marrow cells lacking intrinsic CCR2 expression, although numerical yield of eosinophils did not differ. Eosinophils express CCL2 and eotaxin, both of which can interact with the CCR2 receptor [25, 34, 35] . Thus, a lack of the receptor in CCR2 2/2 bone marrow progenitors may inhibit autoregulation of differentiation, accounting for the greater expression of certain eosinophil genes. Second, we found a strong positive correlation between expression of Il5 in AT and levels of eosinophils in both genotypes. ILC2s were recently shown to produce Il5 in AT that then modulated the accumulation of eosinophils [15] . If the same mechanism is at play, then our data suggest that CCR2 deficiency increases production of IL-5 by ILC2s and/or the numbers of these cells, leading to increased recruitment of eosinophils. This hypothesis remains to be tested but could provide interesting insights into the biology of the newly discovered ILC2s.
In addition to AT, a role for resident eosinophils in homeostasis has been reported in a variety of tissues. Eosinophils have been shown to regulate tissue damage in the lung [36] and liver [37] , epidermal wound healing [38] , the onset and duration of estrus in the uterus [39] , mammary gland development [40] , and GI tract remodeling [41] . Each of these processes involves angiogenesis, fibrin/collagen deposition, and/or cell turnover, all of which can be regulated specifically by eosinophils and are also key processes in AT homeostasis. These environments also possess a unique milieu of local stimuli that likely generate specific eosinophil phenotypes. This notion is supported by the LIAR hypothesis that suggests "eosinophils are actually regulators of Local Immunity And/or hi ;CD11b hi ;SiglecF 2 macrophages were sorted from the eAT SVF of lean and obese WT and CCR2 2/2 mice and used for real-time RT-PCR analysis. Relative expression of (A) Itgax (CD11c), (B) Retnla (Fizz1), (C) Arg1 (arginase), and (D) Chil3 (Ym1). Data are normalized to lean WT control and presented as means 6 SEM, with n = 4-5 mice/ group. *P , 0.05, difference between genotypes of mice on the same diet; **P , 0.01, difference between genotypes of mice on the same diet.
Remodeling/Repair in both health and disease…(and)...accumulation occurs as part of a strategy(ies) to maintain tissue homeostasis" [32] . It is plausible that resident eosinophils assist in maintaining AT function based on local environmental signals, which ultimately affects the state of insulin resistance locally and systemically.
Our data show that AT eosinophil accumulation in CCR2 mice are similar to previous reports. For instance, studies using CCR2 inhibitors have shown decreased M1 and increased M2 polarization of AT macrophages [42] . In contrast, Weisberg et al.
[9] also demonstrated increased inflammatory genes but did not report whether there were changes in M2 markers. Ito et al. [43] also reported an increase in expression of Itgax and Tlr4 but did not see any changes in the M2 markers mannose receptor C type 1 or CD163. Thus, there are multiple bodies of work reporting altered macrophage polarization associated with the modulation of CCR2. However, the mechanism for this polarization has yet to be defined. We are the first to demonstrate an increased AT eosinophil number in CCR2 2/2 mice, and thus, we suggest that eosinophils may account for the previously unexplained mechanism of macrophage polarization in CCR2 2/2 mice. Future studies may now test whether the maintained M2-like phenotype of AT macrophages in CCR2 2/2 mice is a result of the increased eosinophils or of the systemic absence of CCR2 signaling.
Several studies have demonstrated that CCR2 2/2 mice have a pronounced type 2 polarization [7, 13] ; however, to date, the function of CCR2 in this context has not been fully delineated. Furthermore, to our knowledge, there is no previous evidence that has linked CCR2 deficiency to eosinophilia or to any hypereosinophilic diseases. Thus, because of the advanced stages in the development of several CCR2 antagonists as drugs against atherosclerosis, arthritis, and autoimmune disease [44] , it is worthwhile to consider eosinophilic hyperplasia and tissue accumulation as a likely side effect of these therapies that could be beneficial or detrimental depending on the context in which the drugs are administered. Eosinophilia has several clinical implications, including the response against helminthic parasite infections [45] , in which an overactive type 2 response would promote resistance toward infection. In fact, CCR2 2/2 mice were recently found to be resistant to infection by the helminthic parasite Trichuris muris [46] , suggesting a therapeutic potential for the inhibition of CCR2 in fighting parasitic infections. Conversely, CCR2 deficiency was shown to promote infection in the lung by the dimorphic fungus Histoplasma capsulatum as a result of increased IL-4 levels and an increased type 2 response [13] . Thus, depending on the pathogen and/or the clinical condition of the affected patient, CCR2 inhibition may improve or worsen the infection. It is also important to note that a hypereosinophilic state has been shown to promote or arrest several tumors and cancers [47, 48] . Clearly, altered eosinophil content can impart a plurality of effects for a diverse range of diseases, which demands further study to understand the nuances of eosinophil function.
In summary, in this study, we demonstrate that CCR2 deficiency leads to increased eosinophil number, alternative macrophage activation, and type 2 cytokine expression in white AT. CCR2 and its ligand CCL2 have been studied heavily in the context of AT inflammation during obesity, leading to conflicting results and conclusions. Several studies have shown CCR2 deficiency or antagonism to have a protective effect on AT inflammation and insulin resistance [8, 9, 17, 30, 42, 43, 49] but have focused on a decreased number of recruited macrophages to AT as the explanation. Additionally, many of these studies have shown M2 macrophage polarization as a result of CCR2 deficiency or inhibition, without a corresponding mechanism for this observation. The current study provides a link between the newly discovered role of eosinophils in sustaining alternative macrophage activation [14, 15] and the enigmatic consequences of CCR2 deficiency/inhibition on AT macrophages and inflammation. Additionally, we now present a model of localized increases in AT eosinophils that could be used in future studies to distinguish the effects of AT-specific eosinophil accumulation versus systemically elevated eosinophils on metabolism. 
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